Mycobacterium avium, a facultative pathogen for humans, undergoes a life cycle in which selected small cells elongate and then fragment to form coccobacilli. M. avium cells of uniform size were selected by membrane filtration and tested for growth and division in the presence or absence of palmitic acid. Growth was measured by increased cellular protein, and cell division was determined by increased colony-forming units on agar or, electronically, by increased numbers of particles. Both growth and division rates of M. avium were found to be dependent upon the initial concentration of palmitic acid presented to the cells. The division constant varied from 0.05 to 0.13 when the concentration of palmitic acid ranged from 0 to 175 nmol/ml of medium. With ["4C ]palmitic acid as a tracer, it was found that rapid cell division began upon cessation of fatty acid uptake. During division, new lipid materials were released which contained "4C derived from ["4C]palmitic acid. Limited cell division and no fragmentation occurred in fatty acid-starved cultures. During fatty acid starvation, the transparent colony form, considered a pathogen, underwent a transition to the colony form considered a nonpathogen. The possible relationships between the organism's dependence on fatty acid and its ability to infect humans are discussed.
Mycobacterium avium and M. intracellulare are closely related members of Runyon's group III mycobacteria (26) . In certain geographic locations, many humans are infected with either one or the other species (27) , which suggests that soil may be a reservoir for the organisms. Although large numbers of humans are infected with group III mycobacteria, few people acquire clinical disease (34) . Runyon (27) suggested that the two species are separable because of differences in habitat and in pathogenicity for birds. Thus, M. avium should be considered a natural pathogen for birds and M. intracellulare should be considered a potential human pathogen. However, M. avium strains, identified serologically and by pathogenicity for chickens (29) , have been isolated from cases of human disease. M. avium infections occur in animal populations (22, 25) , and it is probable that infected animals or their environs are a source of infection for humans.
The human disease caused by group m mycobacteria is indistinguishable clinically and pathologically from the disease caused by M. tuberculosis (7) . The group Im mycobacterial disease is not particularly contagious for other humans, but treatment often requires simultaneous administration of four or five anti-tuberculosis drugs (32) . Despite the rigorous and comprehensive research performed over the past 100 years, the pathogenesis of tuberculosis has not been completely elucidated. M. avium may be the organism to study in the investigation of mycobacterial pathogenesis. On 7H10 agar (21) , it forms at least two colony types which are readily distinguishable. They were designated transparent and opaque (30) due to the absence of colony opacity in the former and the presence of opacity in the latter. They are, respectively, the smooth T and smooth D colonies described by Vestal and Kubica (33) . These two colony forms may be isolated and maintained as relatively stable cultures. Schaefer et al. (30) and Olitzki et al. (23) demonstrated that the transparent colony form ( Fig. 1 ) was pathogenic for chickens and mice and that the opaque colony form ( Fig. 1 ) was nonpathogenic for laboratory animals. McCarthy (17) showed that a transition from the transparent colony type to the opaque form occurred during growth in vitro and that the transition was maximal in old cultures.
Another aspect of M. avium that makes it an important tool in the assessment of pathogenic mechanisms is its highly variable Liquid medium B consisted of 7H10 basic salt solution (B salts) (17) , 0.05% Tween 80 (BBL), palmitic or oleic acid dissolved in 0.05 N NaOH in the concentrations indicated with each experiment, 0.5% dialyzed bovine albumin (fraction V powder; Miles Laboratories, Inc.) (17) , and glycerol at 0.5% or 0.01 M. The individual components were sterilized separately in 10-or 100-fold concentrations. They were diluted into sterile distilled water, and then the medium was filtered through a 0.22-am filter (MF; Millipore Corp.).
Chemicals. ["C]palmitic acid (uniformly labeled, 720 mCi/mmol) and Omnifluor were purchased from New England Nuclear Corp.
Growth studies. Turbidity measurements were made with a Klett-Summerson colorimeter and a no. 42 filter. Frozen stock concentrates of the cells were thawed and inoculated into side-arm, screw-cap flasks, each of which contained 50 ml of medium B supplemented with 0.01% oleic acid. The cultures were incubated on a rotary shaker at 125 rpm and 37 C to a cell density that corresponded to about 5 x 101 colony-forming units (CFU) per ml. The culture was then caught on an 0.8-aum filter (MF; Millipore Corp) to remove very small cells and particles. The cells that collected on the filter were resuspended in B salts containing 0.1% Tween 80, and passed through a 1.2-Am filter (MF; Millipore Corp.) to remove long filaments and aggregated cells. The cells that passed the 1.2-psm filter were harvested by centrifugation and washed in B salts-Tween 80 solution. These cells, selected for their small size, were distributed into side-arm flasks that contained 50 ml of liquid medium B, and the flasks were incubated on a rotary shaker at 125 rpm and 37 C. Samples were removed at intervals and stored in an ice bath for subsequent assays. The initial number of cells is shown for each experiment.
Assays. Cells for protein determinations were harvested by centrifugation and washed twice with cold 0.1% Tween 80. Protein was estimated by the method of Lowry et al. (16) , with bovine albumin as standard; the assay was modified by heating the cells in 0.5 N NaOH at 90 C for 10 min before addition of the other reagents.
Viable cell determinations were made by dilution of the culture in S salt solution (17) and plating on 7H10 agar; the plates were counted after 14 days of incubation at 37 C. Particle counts were performed as described previously (19) . Smears of the bacteria were fixed with formaldehyde vapor and stained with the cold acid-fast stain of Aubert (2) . The bacteria were photographed with a Leica 35-mm camera attachment on a Leitz Ortholux microscope.
For determination of the amount of radioactive fatty acid taken up by the culture, a 0.5-ml sample was caught on a 0.45-,um filter. This was washed four times with 5 A culture of DM 9 (transparent colony form) was pregrown in medium B containing oleic acid. The culture was synchronized by selective filtration; the cells obtained by this method were retained by an 0.8-jim filter but passed a 1.2-jim filter. These small cells were inoculated into two flasks containing medium B. One flask contained 200 nmol of palmitic acid per ml of medium and the other flask contained no fatty acid.
A typical growth curve resulted when the synchronized culture of DM 9 was incubated in the medium supplemented with palmitic acid (Fig. 2) . Initially, the turbidity of the culture was too low to be measured, but after 36 h of incubation, an increase in density was detectable. The lag in CFU during the first 42 h of incubation was not a period of inactivity since cell protein increased from 6.5 jg/ml at zero time to 18 jg of protein/ml at 42 h. The result of active protein synthesis with no cell division is the formation of filaments as described previously (19) . During the next During the same 15 h-incubation period, there was an increase in CFU of only 1.8-fold in the fatty acid-starved culture ( Fig. 2) (19) . In nonsynchronized cultures of the transparent colony variant, palmitic acid is taken up rapidly and incorporated into triglyceride (18) . Therefore, fatty acid uptake during the growth cycle of each colony type was tested to compare the response of the pathogenic and nonpathogenic isolates. Synchronized cells from cultures of the pathogenic variant (DM 9) and the nonpathogenic variant (DM8) were inoculated (Fig. 3) . Eight hours later (after 36 h of incubation), there was a threefold increase in particles, and fragmentation of the filaments was apparent since thert was a drop in protein per 107 particles. The maximal cellular concentration of 14C from palmitic acid was reached by the 36-h incubation time. Thus, for both colony variants of M. avium, division and fragmentation began when fatty acid uptake plateaued.
Both organisms divided at approximately the same rate during the 18-h period between 28 and 46 h, with k = 0.13 for the transparent colony type (Fig. 3A) and k = 0.12 for the opaque colony type (Fig. 3B) .
The values obtained for protein per 107 particles suggest that the nonpathogen (Fig. 3B) , after division and fragmentation, formed either bigger cells or bigger aggregates than did the pathogen (Fig. 3A) .
Effect of fatty acid concentration on division and growth. A synchronized culture of DM 9 was distributed into flasks containing medium B supplemented with 0.01 gCi of
[14C ]plamitic acid per ml and with carrier palmitic acid in increments of 25 nmol/ml. Samples were removed after different periods of incubation and were assayed for CFU and protein. The results for the cultures supplemented with 0, 25, 75, and 125 nmol/ml are presented in Fig. 4 . The data demonstrate that the rates of cell division and protein synthesis were dependent upon the concentration of fatty acid in the medium. The curves for the higher concentrations of palmitic acid plateaued at the same level of CFU per milliliter as for the culture supplemented with 125 nmol/ml. However, all cultures, regardless of the fatty acid concentration, began division after 38 h of incubation. The division constant, k, was determined for each of the cultures graphed in the same manner illustrated in Fig. 4 . The division constant increased with increasing quantity of fatty acid (Table 1) , but supplementation with 150 or 175 nmol/ml caused a decreased final CFU after 94 h of incubation. These data show that up to 175 nmol palmitic acid per ml is adequate for maximal cell division of M. avium. and the CM-soluble material was spotted on thin-layer silica gel plates. The chromatograms were developed in the double solvent system of Freeman and West (11) . The plates were charred with sulfuric acid-dichromate solution,
and all visible spots were tested for radioactivity. Only the free fatty acid spots and the origins contained detectable levels of radioactivity.
There was an overall decrease in CM-soluble "4C derived from palmitic acid during incubation of the cultures, and there was also a decrease in the counts per minute in the fatty acid spots. During division of the cells, an increase in radioactivity occurred at the origins of the chromatograms. Material remaining at 4 ).
the origin in this solvent system contains highly polar lipids (11) .
A plot of the ratio of counts per minute in the origin to that in the fatty acid is shown in Fig. 5 . This value began to rise after 46 h of incubation of the cultures and increased during division. The ratio was highest in the culture with the most rapid division. Since the initial radioactivity in all of the cultures was the same, this means that more of the polar lipid material was accumulating in the culture supplemented with the greatest quantity of carrier palmitic acid. There was, however, some increase in the ratio even in the fatty acid-starved culture; this contained no carrier palmitic acid, and the radioactive fatty acid represented only about 0.01 nmol of palmitic acid per ml.
The lipids that accumulate in the culture medium during cell division are a mixture and are presently being identified. These materials may be necessary for cell division to occur. However, a more likely explanation for their accumulation is that they are released from the filamentous cells during fragmentation.
Committment to fragmentation? Certain questions arise from the observations that fatty acid is necessary for a maximal cell division rate (Fig. 2) , that cell division occurs when fatty acid uptake ceases (Fig. 3) , and that division is maximal during accumulation of polar lipid(s) in the medium (Fig. 4 and 5 To determine the answers to these questions, synchronized cells of DM 9 were pregrown, in medium containing palmitic acid, from a cell length of 1 um at zero time to 5 Am at 36 h. The elongated cells were caught on a 0.45-ism filter, washed, and then diluted into two flasks containing medium B, one supplemented with 150 nmol of palmitic acid per ml and the other without fatty acid. The cell division of the two cultures during incubation is shown in Fig. 6 , and representative photomicrographs are presented in Fig. 7 . Medium from the cultures of the experiment illustrated in Fig. 4 was extracted, and the CM-soluble material was separated by thin-layer chromatography into two radioactive fractions. One was the fatty acid fraction and the other was a fraction that did not move in the solvent system used (11) and it is referred to as the "origin." The counts per minute in the origin was divided by the counts per minute in the fatty acid for each sample. The data are plotted in this manner to emphasize the change in the allocation of the radioactivity. The samples after 12 (NoPA) fatty acid-supplemented medium (Fig. 7B) as / s 3 .,.
compared with cells in the fatty acid-free me-/ DQO.rn4/.._-/Opaque (No PA) dium (Fig. 7A) . By 116 h, complete fragmentaa ,.,... Fig. 2 ), the cells in the medium with palmitic acid increased only about 1.6-7 fold. After this lag of 20 h, the cells divided at a constant rate (k = 0.088), with the resulting 68-fold increase in CFU in 48 h. This corresponded to the rate attained by a synchronized culture in about 25 to 50 nmol of palmitic acid per ml (Table 1) .
Approximately the same kinetics occurred in the culture starved for fatty acid during the first Photomicrographs (Fig. 7) show that consid-The scale indicates 10 ,m.
VOL. 9, 1974 filamentous form in the fatty acid-starved culture. Thus, a culture pregrown to a filament stage in palmitic acid is slowed in its division rate when placed in fresh medium containing palmitic acid, but division and fragmentation does occur. It is apparent that, in an experiment that lasts longer than 150 h, synchrony of a culture will be lost and precise measurements cannot be made.
The cells pregrown in palmitic acid, when placed in fatty acid-free medium, divided at a very slow rate and did not fragment (Fig. 7A) . That is, the elongated cells were not "committed" to division in the absence of fatty acid.
Transition to opaque colony form. The opaque colony forms that arose during the incubation of the transparent colony type were counted on the same plates used for determination of total CFU (Fig. 6 ). The rate of appearance of the opaque colony form was similar in the two cultures for the first 58 h of incubation with k = 0.108 for fatty acid-supplemented cells and k = 0.082 for fatty acid-starved cells. The rate then became greater in the medium containing palmitic acid. This is presumably due to transition of newly produced transparent colony types to the opaque colony forms.
After 75 h of incubation, the viable cells in the fatty acid-starved culture consisted of 50% opaque colony forms. Thus, starvation for palmitic acid prevented division by fragmentation of M. avium (Fig. 7A) and also selected for the opaque colony variant which has been shown to be nonpathogenic (30) and more drug sensitive (8) than the transparent colony form. Since starvation for fatty acid yielded a culture of primarily opaque colony type, this could be the explanation for the total CFU accumulated in the culture which resulted in an 8.2-fold increase after 68 h of incubation (Fig. 6) . DISCUSSION A mixture of cells, all at different stages of development, may be present in nonsynchronized cultures of M. avium. These cells can vary in morphology from coccobacilli to short rods to long filaments, and the overall division rate of the culture may appear to be rather slow. Cells that have been selected for their synchrony in growth provide a more exact means with which to determine the factors involved in the growth and cell division of M. avium. Since the two events do not necessarily occur simultaneously, growth must be distinguished from cell division. Active protein synthesis may cause an increase in density of a culture with no change in total number of CFU. The result is a culture of filamentous cells. Occasionally a decrease in CFU occurs; this often can be correlated with aggregation of preexisting cells.
Even if the rate of division is known, it is not feasible to state the generation of M. avium accurately since the most rapid rate of division is only reached when all the filaments in a synchronized culture fragment simultaneously. If there arises an inexact metabolic alignment among the cells during growth and elongation, then intermediate rates of division will be achieved. The number of viable progenies derived from a single filamentous cell therefore depends upon its size and metabolic activity. These, in turn, are dependent upon the quantity of fatty acid initially since the availability of fatty acid determines whether a filamentous cell will fragment. The exact physiological cause of cell division has not been discovered. It is not just removal of fatty acid from the medium but, rather, a product of fatty acid utilization that appears to be responsible. This product is not necessarily a lipid, but this aspect is presently being investigated.
The controlling mechanism of morphogenesis in most bacterial systems is still unknown. However, the control of the developmental cycle of Arthrobacter crystallopoietes has been elucidated. Ensign and Wolfe (9) showed that A. ciystallopoietes grew and divided as spheres in a synthetic medium of salts and glucose; the addition of certain compounds, e.g., L-arginine or sodium butyrate, to the growth medium caused the transition of the cocci into rods which then divided as rods for several generations until the substrate was exhausted. The rods then ensphered and continued to divide as cocci until glucose was depleted. Compounds that induced sphere to rod morphogenesis suppressed transport, catabolism, and assimilation of glucose (15) .
Thus, the observations reported here concerning M. avium's dependence on fatty acid for rapid cell division in vitro are not particularly unique. But these findings may provide an understanding of the variable pathogenicity of M. avium for humans. Incubation of the pathogen in a fatty acid-poor medium exerts a selective advantage for the nonpathogen which may then become the predominant form in the culture. Such a culture, which contains the nonpathogen derived from the pathogen, consists of mostly filamentous cells (Fig. 7A) . These filaments do not undergo fragmentation or rapid division in the absence of fatty acid; but it is probable that they divide slowly (Fig.  6) .
The (24) analyzed the lung washings of persons with chronic pulmonary distress and found that the nature of the disease was reflected in the phospholipid composition of their lung washings. The predominant surfactant in the lung is phosphatidyl choline (lecithin), and the fatty acid side chains are mostly palmitic and palmitoleic acid (28). Gardner et al. (12) found that dipalmitoyl lecithin protected alveolar macrophages from lysis after ozone treatment; these authors suggested that a number of noxious agents may cause loss or depletion of the dipalmitoyl lecithin which in turn may result in lysis of macrophages. Such a lytic effect would permit a respiratory pathogen to more readily infect the remaining macrophages. Menzel (20) In this regard, Triton WR 1339, a surfactant material, when injected into animals, protects them from infection by M. tuberculosis. Hedgecock (14) showed that Triton detoxified levels of fatty acid normally toxic to M. tuberculosis and yet it did not interfere with growth of the organism in vitro. The protective effect of Triton in vivo against invasion by M. tuberculosis therefore presents an anomaly. Hart et al. (13) , in a study of lysosomes from animals injected with Triton, found that the juice extracted from such lysosomes suppressed growth of M. tuberculosis in vitro. They suggested that Triton-lysosomes contained an antituberculous lipid complexed with Triton; this was substantiated by the observation that bovine serum albumin counteracted the inhibitory effect of the Triton-lysosome juice. Whether the same type of phenomena could occur with M. avium is not known. M. avium has shown a definite requirement for fatty acid for optimal cell division ( Fig. 2) , whereas a similar response has not been demonstrated for M. tuberculosis.
The results obtained for growth of M. avium in the culture medium described in this report may not represent the activity of the pathogen in vivo. M. avium growing intracellularly was filamentous both in cell culture (6) and also in infected animals (23, 30) . However, antibiotics were used in the cell culture experiments (6) , and most infections in laboratory animals were produced with overwhelming numbers of mycobacteria (23, 31) . Neither of these test situations mimic the natural infectious process. Conceivably, the pathogenic form growing intracellularly with a plentiful supply of fatty acid would form filamentous cells. The removal of intracellular fatty acid or the accumulation of metabolic by-products due either to some stress within the individual or to the pathogen's metabolism could stimulate division. The consequence of such active cell division would be dissemination of the mycobacteria with establishment of the disease. Should fatty acid be deficient or unavailable in the infected cell, the microorganism would undergo genetic transition to the nonpathogen, and this opaque colony form would be rapidly removed by the infected host's macrophages (23, 30) . These speculations, in order to be confirmed or negated, await the successful completion of more definitive experiments.
